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2. Simulation approaches 
In order to estimate the damping losses originating from air flows in gaps underneath movable microstructures, 
two different approaches are suggested. The first  relies on a mixed-level method, where the fluid flow inside the air 
gap is described by the two-dimensional Reynolds Equation, which is evaluated by transforming it into a distributed 
finite network according to [1, 2]. Additional pressure drops at borders and perforations are accounted for by adding 
fluidic resistances at the respective locations [3]. Rarefied gas effects are included by correction factors from 
literature (overview given in [2]) introduced in the individual submodels. The successful extension of this 
continuums-based approach to the molecular-dynamic regime with a quite reasonable accuracy has been already 
demonstrated in [4]. However, since its applicability still remains questionable from a physical point of view, we 
present an alternative molecular modeling approach, which is based on estimations of the direct energy transfer from 
the oscillating structure to the surrounding air molecules. To this end, we fully neglect the interaction between the 
single molecules and calculate the Q-factor from the relation of the total energy ܧୱ୲୰୳ୡ in the oscillating structure 
with the mass ݉ୱ୲୰୳ୡ to the dissipated energy ܧୢ୧ୱୱ during one oscillation period (see Eq. 1). According to Eqs. 2 the 
total energy of the structure amounts to its maximum kinetic energy and the dissipated energy to the portion of 
energy lost in one collision multiplied by the number of collisions undergone by a single molecule with the mass 
݉୫୭୪. The latter can be obtained by dividing the so called collision frequency ୡ݂୭୪୪ by the oscillation frequency 
ୱ݂୲୰୳ୡ  of the structure. If we assume elastic scattering (no excitation of the internal degrees of freedom in the 
molecule), the energy loss of an air molecule during a collision depends only on the change of its velocity οݒ୫୭୪, 






























































E d'     (2) 
In principle, the collision frequency can be obtained by a statistical simulation, which counts the number of 
collisions undergone by a molecule along a certain propagation path. However, we used an alternative approach, in 
which we calculate ୡ݂୭୪୪ by averaging the flux of the molecules hitting the wall of the structure which amounts to the 
number density of the molecules ߩ୫୭୪  multiplied by the scalar product of the mean velocity of the molecules 
ݒԦ୫୭୪ǡ୫ୣୟ୬ and the surface normal of the structure ܣԦୱ୲୰୳ୡ (see Eq. 3). 
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Combining Eqs. 1-3 then provides a lower bound for the Q-factor, which will be compared to Q-factors extracted 
for several MEMS test structures, which will be presented in the following section. 
3. Device description and measurement setup 
For model validation a bundle of  cantilevers and bridges with a 2 μm high air gap, a width of 20 μm and a length 
of 100 μm, 200 μm, 300 μm, and 400 μm, respectively, were available, which are depicted in the micrograph of Fig. 
1a. Additionally, Q-factors of test structures with an only 280 nm air gap underneath the moving part have been 
extracted, in particular a cantilever (15 μm long and 1 μm wide) and a paddle like structure (24 μm wide), which 
may tilt around two fixed clamps (see Fig.1b). 
In order to determine the pressure dependent Q-factors, a frequency spectrum of the respective test structure was 
recorded by a Laser-Doppler vibrometer and the Q-factor was calculated from the 3dB bandwidth of the first 
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